Ag nanoparticles were firstly encapsulated into graphene oxide (GO) scrolls to form GO-Ag scrolls by a molecular combing method. Horizontally and perpendicularly aligned GO-Ag scrolls were then crossly stacked by a dry transfer method to form GO-Ag scroll meshes. After being reduced by hydrazine, the device based on reduced GO-Ag (rGO-Ag) scroll meshes shows 3 orders of magnitude higher response in humidity sensing compared to that of reduced GO (rGO) scroll meshes. In addition, rGO-Ag scroll meshes-based device shows good humidity sensing stability in ambient conditions over a month.
Graphene nanoscroll (GNS), a wrapped graphene sheet with a tubular structure, has been receiving increasing interest in the elds of hydrogen storage, supercapacitors, batteries, and nanodevices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Several methods have been reported to fabricate GNS, such as scrolling of the mechanically exfoliated graphene sheets with the aid of isopropyl alcohol, sonication of graphite intercalation compounds, microwave-assisted scrolling in ethanol or liquid nitrogen, and Langmuir-Blodgett compression of functionalized graphene oxide single sheets. 3, [5] [6] [7] 10, [13] [14] [15] In order to further improve the performance, various nanomaterials have been encapsulated into GNS, including Pt nanoparticles (NPs), Au NPs, Fe 3 O 4 NPs, Si NPs, TiO 2 nanowires (NWs), and phosphor. 1, 5, [7] [8] [9] [10] 16, 17 Due to their highest electrical conductivities, antibacterial properties and excellent catalytic properties, Ag NPs have been extensively explored in various chemical, physical and biological processes. [18] [19] [20] [21] Therefore it is interesting to encapsulate Ag NPs into GNS to enhance performance while preserving the excellent properties of GNS.
Nowadays, developing highly sensitive sensors for detecting humidity with fast response is of great importance in various elds, including, environmental monitoring, food quality control, and medical industry. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] There are increased demands for developing highly sensitive, economical, fast and stable humidity sensors to detect wide range of humidity. Over the past years, various humidity sensors have been developed based on diverse techniques, such as capacitive, 22, 23 
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Recently, graphene oxide and its composite have been widely reported for humidity sensing with good repeatability and response. 22, 26, [46] [47] [48] [49] [50] [51] However, the stability and sensitivity of humidity sensors are still in concern for practical applications. Therefore, it is highly desirable to develop sensitive humidity sensors with long term stability.
Recently, GO scroll meshes were fabricated by cross-stacking GO scroll in combination of molecular combing and dry transfer technique. 6, 11, 12, 52 We found that GO scroll meshes can be used as transparent and exible electrodes and show excellent electrical stability aer being bent more than 10 000 cycles. In this work, Ag NPs were rstly encapsulated into GO scroll to form GO-Ag scroll by molecular combing. Atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) characterization indicate Ag NPs were uniformly encapsulated into GO scroll. GO-Ag scroll meshes with size up to cm scale were then prepared by dry transfer method. Aer being reduced by hydrazine, reduced GO-Ag (rGO-Ag) scroll meshes were used for humidity sensing. Compared to rGO scroll meshes, rGO-Ag scroll meshes show much better linear response for humidity.
As shown in Scheme 1, Ag NPs were deposited on GO (GO-Ag) sheet by hydrothermal method. Then GO-Ag sheets were transformed into GO-Ag scrolls array by molecular combing (step 1). GO-Ag scroll meshes were fabricated through crossly stacking GO-Ag scrolls array by dry transfer method (step 2).
AFM was rstly used to characterize GO and GO-Ag sheets. As shown in Fig. 1A , the height of GO sheet is 1.08 nm, indicating it is single layer GO. Aer Ag NPs were deposited on GO sheet, the height of GO-Ag sheet is increased up to $6 nm (Fig. 1B) . As shown in Fig. 1C , Ag NPs were uniformly distributed on GO sheet. The mean height of Ag NPs is 6.25 AE 0.5 nm (Fig. 1D) . UV-vis spectrometer has been utilized to characterize as-prepared GO and GO-Ag sheets. Two characteristic peaks were observed in the UV-vis spectrum of GO sheet ( Fig. S1 in ESI †). The peak at 232 nm is attributed to the p-p* transitions of the aromatic C-C bonds and a shoulder at 300 nm is derived from the n-p* transitions of the C]O bonds.
18, 21 The formation of Ag NPs on GO sheet was conrmed by the strong peak around 400 nm, which is attributed to the surface plasmon resonance of Ag NPs, as shown in the UV-vis spectrum of GO-Ag nanocomposite ( Fig. S1 in ESI †). GO-Ag scroll was then prepared by molecular combing GO-Ag sheet on octadecyltrimethoxysilane-modied SiO 2 (OTSSiO 2 ), which is hydrophobic. 6 As shown in Fig. 2A , the height of GO-Ag scroll is $56 nm, which is a bit higher than that of GO scroll ( Fig. S2 in ESI †). In addition, GO-Ag scroll usually has a width less than 1 mm. Ag NPs can be clearly observed in magnied AFM image (Fig. 2B) . In order to further investigate the structure of GO-Ag scroll, SEM and TEM were employed. The magnied SEM and TEM images further conrm that dense Ag NPs were homogeneously distributed on GO surface (Fig. 2C -F and S3 in ESI †), which is in good agreement with AFM measurement, indicating successful encapsulation of Ag NPs into GO scroll. GO-Ag scroll meshes were fabricated by using dry transfer method as previously reported.
11 Firstly, horizontally and perpendicularly aligned GO-Ag scrolls arrays were prepared using molecular combing method (Fig. S4 in ESI †) , respectively. We found that the concentration of GO-Ag solution plays an important role in determining the morphology of GO-Ag scroll. Long straight GO-Ag scrolls were observed on OTS-SiO 2 when concentration is less than 0.1 mg mL À1 , while dendritic GO-Ag scrolls were prepared as the concentration is higher than 0.1 mg mL À1 (Fig. S5 in ESI †). Then horizontally aligned GO-Ag scrolls array was li off from substrate with the aid of PMMA and PDMS (see Experimental section in ESI †). The lied horizontally aligned GO-Ag scrolls array was then stacked on perpendicularly aligned GO-Ag scrolls array. Aer PDMS and PMMA lm were removed, GO-Ag scroll meshes with size up Scheme 1 Fabrication of GO-Ag Scroll meshes.
Step 1, GO-Ag scroll was prepared by molecular combing Ag NPs decorated GO sheet.
Step 2, GO-Ag scroll meshes were fabricated by crossly stacking GO-Ag scroll array. to cm scale was formed. Similarly, GO scroll meshes with size up to cm scale was also prepared by this method. It is known that encapsulating nanomaterials into GNSs can further improve their performance in the elds of supercapacitor, lithium-ion battery and sensor.
2-6,53,54 Herein, we tried to investigate the performance of GO-Ag scroll meshes on humidity sensing.
Aer GO and GO-Ag scroll meshes were reduced by hydrazine at 80 C for 24 h, Ag paste was deposited on two corners of reduced GO (rGO) and GO-Ag (rGO-Ag) scroll meshes as electrodes to obtain devices. Fig. 3a shows the photograph of rGO-Ag scroll meshes-based device on SiO 2 /Si substrate. Magnied optical microscopy images show that GO-Ag scrolls were well cross-linked ( Fig. 3b and c) . The conductivities of GO and GO-Ag scroll meshes-based devices were rstly checked by measuring their I-V characteristics. By applying voltage from 0 to 0.5 V, both rGO and rGO-Ag scroll meshes-based devices showed linear relationship, indicating the well-ohmic contact formed between the electrode and the mesh (Fig. S6 in ESI †) . Moreover, the slope of rGO-Ag scroll meshes-based device was larger compared to that of rGO scroll meshes-based device, indicating the encapsulation of Ag NPs can increase the conductivity of GO scroll meshes.
The humidity sensing measurement on rGO and rGO-Ag scroll meshes-based devices was carried out at room temperature. The switching RH test is performed through exposure/ recovery cycles at 11%, 33%, 52%, 75% and 97% relative humidity (RH), respectively. The response of the sensors was dened as: response ¼ I RH À I N 2 /I N 2 , 39, 54, 55 where I RH and I N 2 are the currents through the device in presence of different humidity and dried N 2 , respectively. The current through the device in presence of ambient air acts as the baseline. Each humidity response is carried out by an exposure interval of 60 s followed by purging with compressed dry N 2 to achieve a stable baseline. Fig. 4A shows the real-time response of the rGO scroll meshes-based device exposed to different RH. Although the response keeps increasing as the humidity increased, the response value is too small for practical application. Fig. 4B shows the relationship between the response and relative humidity of rGO scroll meshes-based device. The linear regression coefficient, R 2 , of rGO scroll meshes-based device is only 0.902. The response time and recovery time of rGO scroll meshes-based device are $15 s and $18 s, respectively. As shown in Fig. 4C , the rGO-Ag scroll meshes sensor exhibited quite excellent response towards the humidity in a range of 11-97% RH. The response of rGO-Ag scroll meshes sensor reaches 908 even exposed to 11% RH, indicating its high sensitivity for humidity sensing. As the humidity increased from 11% to 97% RH, the response is also increased from 908 to 1243. In addition, the linear regression coefficient of the rGO-Ag scroll meshes sensor, R 2 , is 0.9986 (Fig. 4D) , indicating its good linear behaviour for humidity sensing. The response time and recovery time of rGO-Ag scroll meshes-based device are $50 s and $13 s, respectively. Based on aforementioned results, it is obvious that the rGO-Ag scroll meshes sensor showed not only excellent response but also good linear behaviour for humidity sensing compared to those of rGO scroll meshes sensor. Table 1 shows the humidity sensing performance of our rGO-Ag scroll meshes sensor in comparison with previously reported works based on graphene oxide and its composite. It indicates that rGO-Ag scroll meshes are promising for humidity sensing. In order to demonstrate the different sensitivities of rGO and rGO-Ag scroll meshes, the response curves of rGO and rGO-Ag scroll meshes-based devices towards same relative humidity were measured (Fig. S6 in ESI †) . Both rGO and rGO-Ag scroll meshes exhibited immediate response towards humid air. However, rGO-Ag scroll meshes-based device exhibits 3 orders of magnitude higher than that of rGO scroll meshes-based device (Fig. 4A , C and S6 in ESI †). The excellent sensitivity of rGO-Ag scroll meshes can be attributed to the encapsulation of Ag nanoparticles, which enhances the conductivity of rGO-Ag scroll meshes and further contributes to the good current change before and aer being exposed to humid air. Interestingly, our rGO-Ag scroll meshes-based device also shows good long term stability in comparison with previously reported humidity sensors. 51, 56 Aer being reduced by hydrazine and exposed to humid air for the rst cycle of humidity response measurement, the humidity sensing performance of rGO-Ag scroll meshes-based device was measured aer being stored in ambient condition for 1, 5, 10, 20 and 30 days, respectively. As shown in Fig. 5 , the response of the sensor almost has no degradation for humidity sensing measurement at 33%, 75% and 97% RH, implying the potential practical application of rGO-Ag scroll meshes in humidity sensing.
Conclusions
In conclusion, we have presented a facile one-pot, cost-effective method to synthesize rGO/AgNPs scroll meshes. The rGO/ AgNPs scroll meshes, which take advantage of GO or rGO as a template was achieved without any other surfactant or reducing agent. The humidity sensing properties of rGO/AgNPs scroll meshes were investigated when exposed to varying RH at room temperature. Moreover, the sensor show excellent conductivity as current sensor and exhibit notable humidity sensor performance toward different humidity level with outstanding stability and linearity at ambient environment. In addition, the possible mechanism for humidity sensing of rGO/ AgNPs was also investigated in this study. It is suggested that the humidity response of the present sensor is ascribed to cooperative effect of both the electron and ion conductivity.
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